GALNT14 is a member of N-acetylgalactosaminyltransferase enzyme family and mediates breast cancer cell development. Here, we find that GALNT14 regulates multidrug resistance (MDR) in breast cancer. The expression of GALNT14 is associated with MDR in breast cancer. Higher level of GALNT14 facilitates MCF-7 cells to resist Adriamycin, whereas knockdown of GALNT14 sensitizes cells to Adriamycin. Moreover, the expression of GALNT14 associates with the expression of P-gp, the efflux pump localized on the cell membrane, which could be the underlying mechanism of how GALNT14 induces MDR. In-depth analysis shows that GALNT14 regulates the stability of P-gp. Finally, GALNT14 associates with higher level of P-gp in chemotherapy-resistant human breast cancer tissues. Taken together, our studies reveal a molecular mechanism in breast cancer MDR.
Introduction
Breast cancer is one of the most common malignant tumors and the main cause of cancer-related mortality of women worldwide [1] . Chemotherapy plays an important role in the treatment of breast cancer. Drug resistance to chemotherapy is a major huddle for breast cancer treatment [2] [3] [4] [5] .
Multidrug resistance (MDR) is associated with different mechanisms including enhanced drug efflux out of cancer cells through ATP-binding cassette family (ABC) transporters, reduced drug influx, activation of DNA repair, modulation of apoptotic pathways, and alteration of target molecules [6, 7] . Among these complicated molecular mechanisms, overexpression of glycosylated P-glycoprotein (P-gp) in the drug-treated cancer cells is one of the major causes for the failure of cancer chemotherapy. P-gp is a member of the ABC protein superfamily [8, 9] and is encoded by multidrug resistance 1 gene (mdr1). Overexpression of glycosylated P-gp in cancer cells results in an active efflux of anticancer agents from cells, especially those P-gp-binding drugs, such as Adriamycin [10] [11] [12] .
Glycosylation is one of the most abundant posttranslational modifications found on more than half of all secreted and cellular proteins. Aberrant glycosylation is closely related to tumor growth, metastasis, as well as resistance to chemotherapy [13] . N-glycosylation and O-glycosylation are the two major types of protein glycosylation in mammalian cells. The most common O-glycosylation is the mucin type, initiated by the transfer of N-acetylgalactosamine to the hydroxyl group of serine or threonine residue [14] . The biochemical reaction is catalyzed by a large family of N-acetylgalactosaminyltransferases (GALNTs), consisting of at least 20 members in humans, namely, GALNT1 to 20 [14] . Earlier studies have shown that mislocalization of GALNTs or dysregulation of GALNTs' expression results in aberrant glycosylation in cancer cells, denoting the critical roles of GALNTs in regulating cancer behaviors. GALNTs have different substrates and patterns of expression. Thus, GALNTs play distinct roles in carcinogenesis and tumor metastasis [15] . For example, GALNT14 mediates the O-glycosylation of death receptor in pancreatic carcinoma, non-small-cell lung carcinoma, and melanoma cells [16] . GALNT2, sharing a high amino acid sequence homology with GALNT14, regulates the malignant characteristics of hepatocellular carcinoma by modulating O-glycosylation of EGFR [17] . GALNT6 glycosylates Mucin1, regulates proliferation of breast cancer cells [18] , and is essential for O-glycosylation and stabilization of Mucin4 in pancreatic cancer cells [19] . Yet very few studies have explored the role of GALNTs in MDR of chemotherapy. One recent study showed that high GALNT6 expression correlates with increased recurrence, lymph node metastasis, and chemoresistance in ovarian endometrioid and clear cell carcinomas [20] .
Despite our previous study showing that overexpression of GALNT14 plays a critical role in cell migration, invasion, and proliferation of breast cancer by stimulating the epithelial mesenchymal transition of breast cancer cells [21] , little is known about the role of GALNT14 in the chemoresistance of breast cancer. Therefore, the aim of this study is to explore the effect of GALNT14 on chemoresistance and the underlying molecular mechanism. Here, we provide the first evidence that the higher expression level of GALNT14 is associated with Adriamycin resistance in breast cancer cells. Moreover, we find that the expression of GALNT14 associates with the expression of P-gp during chemoresistance. Thus, our studies not only provide a molecular mechanism of chemoresistance but also reveal GALNT14 as a target for reversing the MDR in breast cancer treatment.
Result

GALNT14-dependant Regulation of Chemoresistance in Breast Cancer Cells
To examine the role of GALNT14 in chemoresistance, we chose MCF-7 breast cancer cells and MCF7 resistance to Adriamycin cells (MCF-7/ADR). We first examined the expression level of GALNT14 in both parental MCF7 cells and MCF-7/ ADR cells. Notably, compared to that in the MCF7 cells, the mRNA level of GALNT14 was significantly elevated in MCF-7/ ADR cells ( Figure 1A ). Consistently, using Western blot assays with anti-GALNT14 antibodies, we found that the protein level of GALNT14 was remarkably increased as well ( Figure 1B) , suggesting that higher level of GALNT14 is associated with MCF7 resistance to Adriamycin.
Next, to examine if GALNT14 regulates cell resistance to Adriamycin, we expressed the ectopic GALNT14 in the MCF-7 cells (MCF-7/T14) ( Figure 2A The association of Expression of GALNT14 with that of P-gp in Breast Cancer Cells
As overexpression of P-gp is one of the major causes to induce chemoresistance in cancer cells, we examine the expression level of P-gp in both MCF-7 cells and MCF-7/ADR cells. As shown in Figure 3A , similar to GALNT14, P-gp was also upregulated in the Adriamycin-resistant MCF-7 cells. Moreover, when we upregulated the expression of GALNT14 in the MCF-7 cells, both the mRNA and the protein levels of P-gp were increased ( Figure 3 , B and C). In contrast, when we downregulated GALNT14 by shRNA in the MCF-7/ADR cells, the protein level of P-gp was remarkably reduced (Figure 3 , D and E). Taken together, these results indicate that the expression of GALNT14 associates with the protein level of P-gp in MCF7 cells.
Next, we examined the expression of both GALNT14 and P-gp in human breast cancer samples. Microarrays containing 30 Adriamycin-sensitive cancer tissues and 30 Adriamycin-resistant cancer tissues were used. Five different visual fields were randomly selected and observed under the optical microscope ( Figure 4 ). The results of the immunohistochemical study of total 60 breast tissues are summarized in Table 1 . The expression of GLANT14 and P-gp was observed in 27/30 (90%) and 23/30 (77%) Adriamycin-resistant samples, respectively. Moreover, the level of the expression varies from moderate to strong. In contrast, the expressions of GALNT14 and P-gp were negative in 67% and 60% of chemosensitive cancer tissues. The remaining positive staining is weak, indicating the weak or little expression of GLANT14 and P-gp in Adriamycin-sensitive samples.
Following this line of evidence, we further examined individual tumor samples and found that although the average levels of GALNT14 and P-gp expression in the drug-resistant samples are relatively higher than those in the drug-sensitive samples, the relatively strong correlations were observed between the levels of GALNT14 and P-gp with rs= 0.77, P = 5.02e −7 in drug-sensitive group and with rs= 0.88, P = 1.59e −10 in drug-resistant group ( Figure 5, A and B) . It suggests that the expression levels of GALNT14 are highly associated with those of P-gp in both Adriamycin-sensitive and Adriamycin-resistant breast cancer samples ( Figure 5 ). Thus, there is a significant correlation between the expressions of GALNT14 and P-gp and breast cancer chemoresistance. It has been shown that the expression of P-gp is considered as diagnostic marker for MDR. Thus, our results indicate that GALNT14 could also serve a biomarker for future clinical treatment for breast cancer.
The Regulation of the Glycosylation and Stability of P-gp by GALNT14 in Breast Cancer Cells
Since GALNT14 is a member of N-acetylgalactosaminyltransferase enzyme family and P-gp is a highly glycosylated protein, we asked if GALNT14 mediates P-gp glycosylation. The glycosylation status of P-gp protein in GALNT14-overexpressed and knockdown cells was examined by IP with anti-P-gp and lectin blot ( Figure 6 ). The glycosylation of P-gp was reduced when GALNT14 was knocked down, while the glycosylation of P-gp was increased when GALNT14 was overexpressed. Thus, the results indicate that GALNT14 regulates the glycosylation status of P-gp.
It has been shown that protein glycosylation regulates the protein stability [22] . Next, we examined whether GALNT14 regulates the stability of P-gp. We treated MCF7 cells and MCF-7/T14 with 50 μg/ml cycloheximide (CHX) to suppress protein synthesis. The protein level of P-gp was degraded in MCF-7 cells in 24 hours. In contrast, P-gp was relatively stable in the MCF-7/T14 ( Figure 7A ). Moreover, we performed the similar assays using both the MCF-7/ ADR cells and ADR/shRNA-T14 cells. When GALNT14 was downregulated, P-gp was much less stable ( Figure 7B ). Taken together, our results suggest that GALNT14 facilitates P-gp protein stability in MCF-7 cells. As the high expression of P-gp is one of the major reasons for chemodrug resistance, our study proposes a novel pathway for understanding chemodrug resistance ( Figure 7C ).
Discussion
MDR is a major obstacle to successful treatment of breast cancer; overexpression of P-gp occurs in almost 50% of human cancers [23] . Here, our studies reveal a novel pathway that GALNT14 regulates the stability of P-gp for MDR. Overexpression of GALNT14 promotes the glycosylation of P-gp, which in turn suppresses the degradation of P-gp in tumor cells. Elevated level of P-gp is likely to result in an increase in extracellular efflux and a decrease in the efficacy of chemotherapeutic agents [24] .
GALNT14 mediates protein glycosylation that is one of the most common posttranslational modifications, and is often associated with tumor development and malignant transformation [25, 26] . Here our studies provide the first evidence that GALNT14 participates in MDR, another avenue in cancer research field. Our results further show that GALNT14 promotes the glycosylation of P-gp. It has been reported that the absence of oligosaccharides from P-gp decreases the efficiency of drug efflux due to misfolding of the protein that also increases the susceptibility of P-gp to degradation [27] . Loo and Clarke [28] also reported that the drug efflux activity of mutant MDR cell lines could be reduced by endoglycosidase-H treatment. We further determine that GALNT14-mediated glycosylation on P-gp plays a key role for its stability. Due to limited approach, we currently could not examine the functional significance of site-specific glycosylation. Future in-depth analysis on glycosylation of P-gp may reveal the detailed molecular mechanism by which GALNT14-mediated glycosylation facilitates MDR. Nevertheless, our studies not only uncover a novel role of GALNT14 in MDR but also suggest that GALNT14 could be a diagnostic and therapeutic target for breast cancer treatment. Western blot was performed. GAPDH was used as the protein loading control. (B, C) The mRNA and the protein levels of P-gp were increased in MCF-7 cells expressing GALNT14. The parental MCF-7 or MCF-7 expressing FLAG tag empty vector was used as the negative controls. (D, E) Downregulated GALNT14 by shRNA in the MCF-7/ADR cells remarkably reduces the protein level of P-gp. The parental MCF-7/ARD or MCF-7 with control shRNA treatment (ADR/shRNA-NC) was used as negative controls. GAPDH mRNA and GAPDH protein served as loading controls. Bar graphs represent mean ± SEM of three independent experiments. **P b .01.
In this study, our research focuses on breast cancer. It is likely that GALNT14-mediated P-gp glycosylation and stability are general phenomena in chemoresistance in other types of cancer. Thus, our study may open a new avenue in chemoresistance analysis, which should be further examined in other types of cancer in future.
Methods
Cell Culture
Human breast cancer cell lines were routinely cultured in DMEM (GIBCO) supplemented with 10% FBS (TransGenBiotech) at 37°C in an atmosphere containing 5% CO 2 . MCF-7/ADR was cultured in DMEM containing 10% FBS and 0.5 g/ml Adriamycin. All cultures were fed with fresh medium every 2 to 3 days.
Real-Time RT-PCR
Total RNA extraction from selected cultured cells. RNA from MCF-7 cells was used for detecting the expression levels of GALNT14 and GAPDH. Four micrograms (μg) of total RNA from each sample was used to detect real-time RT-PCR (QRT-PCR) products. PCR cycling conditions for all of the samples were as follows: 60 minutes at 42°C for reverse transcription, 3 minutes at 95°C for SYBR Premix Ex Taq II activation, and 40 cycles for the melting (95°C, 15 seconds) and annealing/extension (60°C, 1 minute) steps. GALNT14 and GAPDH primers for QRT-PCR were designed using the Beacon Designer. The sequences of the GALNT14 primers were as follows: forward, 5′-TAGCATCAT CATCACCTTCCAC-3′; reverse, 5′-TTACAGTCATCAGGGT CAT TGC-3′. The sequences of the P-gp primers were as follows: forward, 5′-CCGTGGCAAACTGGTACTTT-3′; reverse, 5′-GACGCCAACATAGACCAC CT-3′. The sequences of the GAPDH primers were as follows: forward, 5′-GGTCGGAGT CAACGGATTTG-3′; reverse, 5′-ATGAGCCCCAGCCTTCTCC AT-3′. All QRT-PCR experiments were performed three times in duplicate in one 96-well plate. Using the comparative CT method, the resulting Ct values were converted to picogram quantities according to each standard curve. Then, the quantity of GALNT14 was normalized to GAPDH and subtracted from no reverse transcriptase controls. This value was then averaged for each duplicate.
Cytotoxicity Assay for Cell Viability Analysis
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma, USA) assay was used to assess the effect of GALNT14 silencing on the chemosensitivity of MDR cells and GALNT14 exogenous overexpressionon sensitive cells to Adriamycin. Cells were plated in a 96-well plate at 5×10 5 cells per well and then incubated with different concentrations of Adriamycin (Sigma, USA) for another 48 hours. The MTT assay was performed following the instructions. Optical densities value (ODs) were measured using a spectrometric absorbance of 570 nm on a Thermo Fisher Scientific microplatereader (USA). Dose-response curves were plotted, and IC50 values were calculated from three independent experiments. 
Western Blot Assay
The cells were grown to 80% confluence in culture dishes containing 10% FBS media. The cells were then lysed in NP-40 and protease inhibitors. Twenty micrograms of total cell lysates was loaded onto a 10% Bis-Tris gel and separated using the electroporation system (BIO-RAD). After the proteins were transferred to a NC membrane, blocked with 5% fat-free milk for 1 hour, incubated the relevant primary antibodies (rabbit polyclonal antibody GALNT14: ab196245, Abcam, diluted 1:500); anti-P-glycoprotein (rabbit monoclonal antibody: ab170904, Abcam, diluted 1:1000); overnight at 4°C, followed by incubation with rabbit peroxidase-conjugated secondary antibodies. GAPDH was used as an internal control. The blots were developed by the enhanced chemiluminescence (ECL) detection system (Beyotime).
Immunohistochemistry
Adriamycin (doxorubicin)-resistant and -sensitive breast cancer tissue microarrays were obtained from Xinchao Biological Technology Co., Ltd., Shanghai. The thickness of each slice is 5 μm. All tumors were formalin fixed and paraffin embedded. After deparaffinizing the tissues, slides were microwaved for 15 minutes with 0.01 M citrate buffer (pH 6.0) to retrieve the antigens. Then, endogenous peroxidase was removed by the treatment of the tissues with 3% H 2 O 2 followed by avidin-biotin blocking. To inhibit nonspecific binding of antibodies, the slides were treated with 10% normal goat serum. Incubation of the slides with anti-GALNT14 antibodies (bs-11018R, Bioss) and anti-P-gp antibodies (ab170904, Abcam), respectively overnight, add the corresponding secondary antibodies. After washing with PBS, staining was performed by Figure 5 . Correlation analysis of GALNT14 and P-gp expression levels. The protein expression levels of GALNT14 and P-gp were examined in 60 Adriamycin-resistant and Adriamycin-sensitive breast cancer samples using immunohistochemistry. GALNT14 expression level is highly associated the P-gp expression in both drug-resistant and drug-sensitive samples according to total immunostaining score. The data were summarized from three independent experiments. Data were presented as mean ± SD.
twostep system (Zhongshan Bio, China). Reactions were revealed with 3,3'-diaminobenzidine (DAB, Sigma). The immunostaining frequency for each tumor was scored as follows: 0, for negative samples or 10% stained tumor tissue; 1, for samples stained between 10% and 39% of tumor tissue; 2, for samples stained between 40% and 79% of tumor tissue; and 3, for tumors with 80% of stained tumor tissue. Signal intensity was scored as strong (3, dark brown color), moderate (2, medium brown color), weak (1, light brown color), and null (0, no immunostaining). Total immunostaining score results from the multiplication of both parameters. Samples were scored totally as follows: strong (+++, total immunostaining score = 6-9), moderate (++, total immunostaining score = 3-4), weak (+, total immunostaining score = 1-2), and null (−, total immunostaining score = 0). Scores were established jointly by four observers under a multihead microscope.
Lectin Blot
Total protein was extracted from indicated cells. P-gp was immunoprecipitated from the cell lysates and subjected to Vicia Villosa Lectin (VVL) blot. After separation by 10% SDSPAGE, samples were transferred to NC membrane that was blocked in blocking solution (5% BSA in TBST). Membrane was incubated with a 0.2 μg/ml biotinylated VVL solution (B-1235, VECTOR laboratories) and then incubated with Streptavidin-HRP (S911, Thermo Scientific). The result was visualized by an ECL kit (Thermo Scientific).
Statistical Analysis
Statistical analysis was performed using SPSS 22.0. and Origin 7.5 (Origin Lab). All data were presented as mean±SD, and the Student's t test was used to determine statistical significance. Pathological data were analyzed using the ANOVA test. P b .05 was considered statistically significant. Spearman's correlation was performed to determine the correlation between the expression level of GALNT14 and that of P-gp using an Figure 6 . GALNT14 regulates the glycosylation level of P-gp. P-gp was IPed from GALNT14-overexpressed (FLAG-GALNT14) MCF-7 cells (A) or GALNT14 knockdown (shRNA-T14) MCF-7/ADR cells (B). The glycosylation of P-gp was examined with lectin lot, and cell lysates were blotted with the indicated antibodies. Figure 7 . GALNT14 regulates the stability of P-gp. MCF-7 expressing GALNT14 (A) or MCF-7/ADR cells treated with shRNA-GALNT14 (B) were further treated with 50 μg/ml of cycloheximide (CHX) for indicated hours. Western blots were performed with anti-P-gp antibody to examine the stability of P-gp. GAPDH served as loading controls. (C) A model to show the mechanism by which the upregulated GALNT14 promotes MDR. 
